
Dysregulation of Δ4-3-oxosteroid 5β-reductase in Diabetic 
Patients: Implications and Mechanisms

Leila Valanejad, Mwlod Ghareeb, Stephanie Shiffka, Christina Nadolny, Yuan Chen, 
Liangran Guo, Ruchi Verma, Sangmin You, Fatemeh Akhlaghi, and Ruitang Deng
Department of Biomedical and Pharmaceutical Sciences, College of Pharmacy, University of 
Rhode Island, 7 Greenhouse Road, Kingston, RI 02881

Abstract

Aldo-keto reductase family 1 member D1 (AKR1D1) is a Δ4-3-oxosteroid 5β-reductase required 

for bile acid synthesis and steroid hormone metabolism. Both bile acids and steroid hormones, 

especially glucocorticoids, play important roles in regulating body metabolism and energy 

expenditure. Currently, our understanding on AKR1D1 regulation and its roles in metabolic 

diseases is limited. We found that AKR1D1 expression was markedly repressed in diabetic 

patients. Consistent with repressed AKR1D1 expression, hepatic bile acids were significantly 

reduced in diabetic patients. Mechanistic studies showed that activation of peroxisome 

proliferator-activated receptor-α (PPARα) transcriptionally down-regulated AKR1D1 expression 

in vitro in HepG2 cells and in vivo in mice. Consistently, PPARα signaling was enhanced in 

diabetic patients. In summary, dysregulation of AKR1D1 disrupted bile acid and steroid hormone 

homeostasis, which may contribute to the pathogenesis of diabetes. Restoring bile acid and steroid 

hormone homeostasis by modulating AKR1D1 expression may represent a new approach to 

develop therapies for diabetes.
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1. Introduction

Aldo-keto reductase family 1, member D1 (AKR1D1) is a Δ4-3-oxosteroid 5β-reductase, 

which catalyzes the reduction of steroids with a 3-oxo-4-ene structure in the presence of 

nicotinamide adenine dinucleotide phosphate (NADPH) as a hydride donor (Kondo et al., 

1994). AKR1D1 is required for cholesterol metabolism into bile acids. In the bile acid 
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synthesis pathway, AKR1D1 reduces the double bond in the A ring of the bile acid 

intermediates to eventually produce primary bile acids chenodeoxycholic acid (CDCA) and 

cholic acid (CA) (Russell, 2003; Jin et al., 2014). AKR1D1 is also involved in metabolism 

and clearance of steroid hormones with 3-oxo-4-ene structure including glucocorticoids (Jin 

et al., 2014, Chen and Penning, 2014). Since 5β-reduction is a common transformation and 

major inactivation pathway for steroid hormones, and AKR1D1 is the only enzyme in 

humans capable of catalyzing a 5β-reduction in those steroids, AKR1D1 plays a critical role 

in regulating and maintaining the homeostasis of steroid hormones, including 

glucocorticoids. Therefore, AKR1D1 plays critical roles in bile acid synthesis and steroid 

hormone metabolism and inactivation.

Bile acids are actively participated in regulating metabolism and energy expenditure. A large 

body of evidence from human clinical (Bennion and Grundy, 1977; de Leon et al., 1978; 

Steiner et al., 2011; Zhang et al., 2015) and animal model (Nervi et al., 1978; Uchida et al., 

1979) investigations demonstrate that bile acid homeostasis is disrupted in patients with 

metabolic disease and diabetes while moderating bile acid enterohepatic circulation has 

beneficial effects on diabetes (Prawitt et al., 2014; Flynn et al., 2015; Ferrannini et al., 

2015). On the other hand, steroid hormones, especially glucocorticoids, play important roles 

in regulating body metabolism and energy expenditure (Vegiopoulos and Herzig, 2007; de 

Guia et al., 2014). Studies with human and various rodent models have linked dysregulation 

of glucocorticoids to the development of metabolic disease and diabetes (Pivonello et al., 

2010; Chan et al., 2003; Perez et al., 2014).

As a key player in bile acid synthesis and steroid hormone metabolism, our current 

understanding on AKR1D1’s roles in metabolic disease and diabetes is limited (Valanejad et 

al., 2017). In this study, we found that AKR1D1 expression was markedly repressed in 

diabetic patients. In line with repressed AKR1D1 expression, hepatic bile acid levels were 

significantly reduced in diabetic patients compared with non-diabetic control subjects. 

Mechanistic studies revealed that activation of peroxisome proliferator-activated receptor-α 
(PPARα) markedly repressed AKR1D1 expression in vitro and in vivo. Furthermore, it was 

revealed that PPARα signaling was enhanced in diabetic patients, which provides an 

explanation for the repressed expression of AKR1D1 in diabetic patients.

2. Materials and Methods

2.1. Chemicals and Supplies

CDCA, CA, deoxycholic acid (DCA), lithocholic acid (LCA), ursodeoxycholic acid 

(UDCA), glycine or taurine conjugated bile acids, dimethyl sulfoxide (DMSO), DNA 

oligonucleotides, fetal bovine serum (FBS), charcoal-stripped FBS, pioglitazone (PGZN) 

and insulin were purchased from Sigma-Aldrich (St. Louis, MO, USA). Luciferase assay 

kits were from Promega (Madison, WI, USA). Restriction enzymes were from New England 

BioLabs (Ipswich, MA, USA). Activated charcoal was from Fisher Scientific (Pittsburgh, 

PA, USA). GW4064, GW7647, GW3965 and GW0742 were purchased from Tocris 

Bioscience (Minneapolis, MN, USA). Recombinant human AKR1D1 protein was purchased 

from Novus Biologics (Littleton, CO, USA).
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2.2. Liver samples

Liver samples: Twenty-two liver tissues of type 2 diabetes mellitus patients were obtained 

from Sckisui XenoTech (Kansas City, KS, USA). The quality of those liver tissues were 

ensured with initial intent for liver transplantation. Twenty non-diabetic normal control liver 

samples were obtained through the Cooperative Human Tissue Network (CHTN). The 

quality of the liver tissues provided by CHTN were ensured through the prospective 

collection model as the quality management system (Grizzle et al., 2015). The 

characteristics of individual liver tissues from diabetic and non-diabetic control subjects 

were provided in Table 1 and 2. The protocol for using human tissues was approved by the 

Institutional Review Board (IRB) at the University of Rhode Island (URI).

2.3. Plasmid constructs

Human AKR1D1 promoter reporter phAKR1D1(−5.0kb) was constructed by cloning the 

5kb promoter region into the pGL4.10 luciferase vector (Promega). The 5kb promoter was 

PCR-amplified by forward (5′-TAAGATGCTAATCGTAATCCCCAGGGTAAC-3′) and 

reverse primer (5′-GGAGTGATTCTGAACACCACAGGGAGTCT-3′) using human 

genomic DNA as templates. Expression plasmids for human farnesoid x receptor-α2 

(FXRα2) was provided by Dr. Matthew Stoner. Expression plasmids for human FXRα1, 

PPARα, PPARβ, PPARγ and liver x receptor-α (LXRα) were kindly provided by Dr. 

Bingfang Yan at URI.

2.4. Mice and treatments

Eighteen CD-1 mice were randomly divided into three groups. One group of mice were 

treated with PPARα agonist GW7647 (10mg/kg). The second group were treated with FXR 

agonist GW4064 (10mg/kg). The third group were treated with vehicle propanediol as 

controls. Mice were injected i.p. twice a day for 3 days. Twelve hours after the last injection, 

animal were euthanized and liver tissues were harvested and processed for gene expression 

analysis. The animal studies were approved by the Institutional Animal Care and Use 

Committee (IACUC) at URI.

2.5. HepG2 cells and treatments

HepG2 cells seeded in 12-well plates were treated with GW4064 (1μM), GW7647 (10μM), 

PGZN (10μM) and insulin (100ng/ml) in phenol-red free medium containing 1% charcoal 

striped FBS for 30h, followed by analysis of gene expression.

2.6. TaqMan quantitative real-time PCR

Total RNA isolation from liver tissues (human and mice) or HepG2 cells and subsequent 

TaqMan real-time PCR were carried out as described (Song et al., 2014). Transcript levels of 

AKR1D1, FXR, PPARα, cholesterol 7α-hydroxylase or cytochrome P450 family 7 

subfamily A member 1 (CYP7A1), sterol 12α-hydroxylase (CYP8B1), bile salt export pump 

(BSEP), sodium-taurocholate cotransporting polypeptide (NTCP), organic anion-

transporting polypeptide member 1B1 (OATP1B1), multidrug resistance-associated protein 

3 (MRP3), MRP4, cytochrome P450 family 27 subfamily A member 1 (CYP27A1), 

cytochrome P450 family 7 subfamily B member 1 (CYP7B1) and carnitine 
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palmitoyltransferase-1A (CPT1A) were normalized against β-actin or glyceraldehyde 3-

phosphate dehydrogenase (GAPDH) levels according to the treatments or conditions, which 

had minimal effects on β-actin or GAPDH (Kroetz et al., 1998; Ma et al., 2013; de la Monte 

et al., 2011; Zhou et al., 2008; Biswas et al., 2013). Validated TaqMan PCR probes and 

master mixtures were obtained from Applied Biosystems (Foster City, CA, USA).

2.7. Analysis of bile acids in human liver by liquid chromatography tandem-mass 
spectrometry (LC-MS/MS)

Bile acid extraction from human liver tissues and subsequent quantification by LC-MS/MS 

were carried out as described with some modifications (Alnouti et al., 2008). An Acquity 

UPLC from Waters connected to a Xevo TQ MS mass spectrometry was used for 

quantification. The system was controlled with MassLynx™ software (V 4.1) and data was 

processed using TargetLynx™ tool.

For preparation of liver tissue extracts for quantification of bile acids, liver samples were 

homogenized on ice in 1:4 w/v 50% methanol (Fisher Scientific, AC61513). After addition 

of 10 μl of mifeprestone internal standard and 2 ml of ice-cold alkaline acetonitrile (5% 

ammonium hydroxide in acetonitrile) (Fisher Scientific), samples were vortexed and shaken 

continuously for 1 hour at 4°C. Samples were then centrifuged at 4600×g for 20 minutes at 

4°C, supernatants were collected. The pelleted samples were extracted again with 1 ml of 

ice-cold alkalinizede acetonitrile and the supernatants were collected. The two supernatants 

were pooled and then evaporated using a Thermo Scientific SpeedVac system, followed by 

reconstitution of the samples in 200 μl of 50% methanol.

Conjugated and unconjugated bile acids were chromatographically separated on an Acquity 

UPLC BEH C18 (2.1 mm × 50 mm) column with 1.7 μm particle size. Mobile phase that 

was consisted of water containing 7.5 mM ammonium acetate (mobile phase A) and 95:5 

v:v Methanol : acetonitrile (mobile phase B) was pumped at flow rate of 0.5 ml/min. A 20 μl 

sample loop was used to deliver aliquots of 10 μl samples in a partial loop injection mode. 

The total run time was 7 mins. Gradient elution was employed and maintained at 2% mobile 

phase B for 0.5 min and increased gradually to 80% over 5 min and maintained at this level 

for one minute. To re-equilibrate the column for the next run, the proportion of mobile phase 

B was decreased within 0.1 min to the initial condition and kept constant for 0.9 min. The 

calibration and quality control concentrations of bile acids under the investigation were 

presented in Supplemental Table 1. The lower limit of quantification (LLOQ) and lower 

limit of detection (LLOD) values were also presented in Supplemental Table 1.

Unconjugated and taurine conjugated bile acids were monitored in negative ionization mode 

while glycine conjugated bile acids were monitored in positive ionization mode. 

Mycophenolic acid (Cerilliant Corp. Round Rock, TX; molecular weight of 320.34 g/mol) 

was simultaneously monitored in both positive and negative ionization modes and was used 

as an internal standard for quantification of all bile acids (Supplemental Fig. 1).

2.8. Reporter luciferase assays

Transient transfection and dual-luciferase reporter assays in HepG2 cells were performed as 

described (Chen et al., 2013). Standard amounts of plasmid DNA used per well in 24-well 
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plates were 100ng for promoter reporter phAKR1D1(−5.0kb), 100ng for nuclear receptor 

expression plasmid (FXRα1, FXRα2, LXRα, PPARα, PPARβ, or PPARγ), and 10ng for 

the null-Renilla luciferase plasmid. Sixteen hours post-transfection, cells were treated with 

DMSO (0.1%), GW4064 (1μM), GW3965 (1 μM), GW0742 (1μM) and GW7647 (10μM) in 

a phenol red-free medium containing 1% charcoal-stripped FBS for 30 hours. Luciferase 

activities were assayed as previously described (Song et al., 2013).

2.9. Western blotting

Cell lysates were made from HepG2 cells or liver tissues as described (Chen et al., 2013). 

Thirty micrograms of total protein were loaded into each well. Membranes were blotted with 

antibodies against AKR1D1, CYP7A1, BSEP, or PPARα. The same membranes were 

stripped and re-blotted with antibodies against GAPDH. In addition, a control liver sample 

was included in all the blots as an external standard to facilitate the comparison of 

expression levels on different blots. The images were captured using Gel Logic 2200 PRO 

system and protein bands were quantified using ImageQuant TL software. The expression 

levels of GAPDH were used to normalize the expression of target genes as the treatments or 

conditions had minimal effects on the expression of GAPDH proteins (Song et al., 2014; Ma 

et al., 2013). Primary antibodies against AKR1D1 (sc-365932), CYP7A1 (sc-25536), BSEP 

(sc-25571), PPARα (sc-398394) were purchased from Santa Cruz Biotechnology (Dallas, 

TX, USA). Anti-GAPDH antibodies (G9545) were obtained from Sigma-Aldrich (St. Louis, 

MO, USA). The specificity of those antibodies against the target proteins was demonstrated 

and reported previously (Valanejad et al., 2017; Song et al., 2014; He et al., 2011; Bellet et 

al., 2016). The specificity of AKR1D1 antibodies was evaluated with recombinant human 

AKR1D1 protein and the results were presented in Supplemental Fig. 2.

2.10. Statistical analysis

Student’s t-test was applied to pair-wise comparison for normally distributed data. One-way 

ANOVA was applied to analyze data with multiple groups, followed by Tukey post-hoc test 

for multiple comparisons. Non-parametric Mann-Whitney test was used for pair-wise 

comparison for non-normally distributed data. A p value of 0.05 or less was considered 

statistically significant.

3. Results

3.1. Characteristics of diabetic and control subjects

Twenty-two liver tissues from type 2 diabetic patients were obtained from XenoTech. The 

characteristics of the diabetic subjects were provided in Table 1. Among the 22 patients, 

eleven subjects (50%) were female. The average age of the patients is 54.6 ± 12.7 years with 

91% of Caucasian and 9% of Hispanic. Majority of patients (68% with a body mass index: 

BMI >25) were either overweight, obese or severe obsess with hypercholesterolemia being 

detected in 86.4% of the patients. Consistently, 77.7% patients had a non-alcoholic fatty 

liver disease (NAFLD) activity score (NAS) of 2 or above while only 18.2 % patients had a 

fibrosis stage 2 or above. Matched with diabetic subjects, among the 20 non-diabetic control 

subjects, which were obtained through CHTN, ten subjects (50%) were female (Table 2). 

Similar to the diabetic subjects, the majority of control subjects were Caucasian (80%). The 
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average age of the control subjects were 67.8 ± 13.1, which is 13.2 years older than the 

diabetic subjects. Thirteen liver tissues were procured from autopsy of subjects died of non-

diabetic condition while 7 samples were from surgery. Those liver tissues exhibited normal 

macro- and microscopic histology. Limited data showed that the subjects had a large range 

of BMI from 18 to 46, within which 95% of diabetic subjects were.

3.2. AKR1D1 expression was markedly repressed in diabetic patients

AKR1D1 catalyzes reduction of molecules with a 3-oxo-4-ene structure, including 

glucocorticoids and bile acid intermediates (2–4), thus playing critical roles in bile acid 

synthesis and glucocorticoid metabolism and clearance (Fig. 1A). To investigate whether 

AKR1D1 is dysregulated in diabetic patients, thus may contribute to the pathogenesis of 

diabetes, the expression levels of AKR1D1 were determined. As shown in Fig. 1B, the 

mRNA levels of AKR1D1 were markedly decreased by 84% in diabetic patients (p=0.0074) 

when compared with non-diabetic control subjects. Consistently, AKR1D1 protein levels 

were reduced by 75% in Western blot (p=0.002) (Fig. 1C and 1D). Taken together, the data 

on AKR1D1 expression at mRNA and protein levels firmly established that AKR1D1 was 

dysregulated and its expression was markedly repressed in diabetic patients.

3.3. Total hepatic bile acids were markedly reduced in diabetic patients

AKR1D1 is required for bile acid synthesis and glucocorticoid metabolism. With markedly 

reduced expression of AKR1D1, we hypothesized that bile acid synthesis and glucocorticoid 

metabolism were compromised in diabetic patients. To provide evidence to support the 

hypothesis, we systemically characterized total as well as individual hepatic bile acids in 

diabetic patients. As shown in Fig. 2A, in comparison with control subjects, total hepatic 

bile acids were markedly reduced in diabetic patients (p=0.0017). The average concentration 

of total bile acids were decreased by 53% from 83.8 nmoles/g to 39.8 nmoles/g. The 

decrease is largely due to the reduction in conjugated bile acids (Fig. 2B), which were 

decreased from 82.9 ± 49.9 nmoles/g to 38.3 ± 26.2 nmoles/g (p=0.0014). On the other 

hand, unconjugated bile acids were slightly increased from 0.9 ± 0.9 nmoles/g to 1.2 ± 2.5 

nmoles/g but did not reach a statistical significance (p=0.89) (Fig. 3C). Among the 

conjugated bile acids, both glycine and taurine conjugated bile acids were significantly 

reduced in diabetic patients (Fig. 2D and Fig. 2E). However, the reductions were more 

severe in glycine conjugated than taurine conjugated bile acids. The average glycine 

conjugated bile acid level was decreased by 57% from 63.9 ± 43.3 nmoles/g to 27.3 ± 18.7 

nmoles/g (p=0.0017). Taurine conjugated bile acids were reduced by 42% from 19.0 ± 9.2 

nmoles/g to 11.0 ± 10.7 nmoles/g (p=0.02). Taken together, total hepatic bile acids were 

markedly reduced in diabetic patients, mainly due to reduction of conjugated bile acids, 

especially glycine conjugated bile acids.

3.4. Hepatic CDCA concentrations were significantly reduced in diabetic patients

As shown in Fig. 3A, total hepatic CDCA levels were significantly reduced in diabetic 

patients (p=0.012). The average total CDCA level was decreased by 46% from 26.7 ± 15.9 

nmoles/g to 14.4 ± 12.4 nmoles/g. Both conjugated and unconjugated CDCA were 

significantly reduced in diabetic patients (Fig. 3B and 3C). Conjugated CDCA levels were 

decreased from 26.6 ± 15.9 nmoles/g to 14.4 ± 12.4 nmoles/g (p=0.013) while unconjugated 
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CDCA concentrations were reduced from 0.075 ± 0.13 nmoles/g to 0.003 ± 0.005 nmoles/g 

(p=0.009). Among the conjugated CDCA, glycine conjugated CDCA (glyco-CDCA) was 

decreased by 54 % from 20.8 ± 14.6 nmoles/g to 9.6 ± 6.5 nmoles/g (p=0.0042) (Fig. 3D). 

Decreases in taurine conjugated CDCA (tauro-CDCA) were also detected but did not reach a 

statistical significance (p=0.56) (Fig. 3E). The percentages of CDCA in the total hepatic bile 

acid pool were not significantly altered (p=0.59), 34% and 36% in control and diabetic 

subjects, respectively (Fig. 3F). Similarly, the percentages of unconjugated, conjugated, 

glyco- and tauro-CDCA in the total hepatic CDCA pool were not significantly altered (Fig. 

3G). Taken together, total hepatic CDCA concentrations were significantly reduced, mainly 

due to marked decreases in glycine conjugated CDCA in diabetic patients. The percentages 

of CDCA in the total hepatic bile acid pool and the relative compositions of the hepatic 

CDCA pool were minimally changed in diabetic patients.

3.5. Hepatic CA homeostasis was disrupted in diabetic patients

Consistent with reduced total bile acid levels, diabetic patient exhibited markedly decreased 

total hepatic CA levels (p=0.0037) (Fig. 4A). The average concentration of CA was 

decreased by 61% from 33.6 ± 26.7 nmoles/g to 13.2 ± 10.9 nmoles/g. Both conjugated and 

unconjugated CA were markedly reduced in diabetic patients (Fig. 4B and 4C). Total 

conjugated CA concentrations were decreased from 33.2 ± 26.2 nmoles/g to 13.1 ± 10.9 

nmoles/g (p=0.0037) while unconjugated CA levels were reduced from 0.39 ± 0.79 

nmoles/g to 0.06 ± 0.06 nmoles/g (p=0.04). Among the conjugated CA, both glyco-CA and 

tauro-CA were severely reduced (Fig. 4D and 4E). Glyco-CA levels were decreased by 61% 

from 23.6 ± 20.1 nmoles/g to 9.1 ± 7.9 nmoles/g (p=0.0059). Tauro-CA levels were reduced 

by 59% from 9.7 ± 6.9 nmoles/g to 4.0 ± 3.6 nmoles/g (p=0.0032). However, the 

percentages of CA in the total hepatic bile acid pool were not significantly altered (p=0.39) 

(Fig. 4F). The hepatic bile acid pools consisted of 37% CA in control subjects and 33% CA 

in diabetic patients. Likewise, no significant alterations in the compositions of the hepatic 

CA pool were detected (Fig. 4G). Taken together, total hepatic CA concentrations were 

markedly reduced while the percentages of CA in the total hepatic bile acid pool and the 

compositions of the hepatic CA pool were not altered in diabetic patients.

3.6. Alterations of hepatic DCA homeostasis in diabetic patients

In contrast to CDCA and CA, total hepatic DCA levels showed a trend of reduction but 

without reaching a statistical significance in diabetic patients (p=0.061) (Fig. 5A). However, 

the concentrations of conjugated DCA were significantly decreased by 53% from 23.0 

± 22.1 nmoles/g to 10.8 ± 11.7 nmoles/g (p=0.04) (Fig. 5B). The unconjugated DCA levels 

were slightly increased but did not reach a statistical difference (p=0.12) (Fig. 5C). Among 

the conjugated DCA, glyco-DCA but not tauro-DCA were markedly reduced (Fig. 5D and 

5E). The average glyco-DCA levels were decreased by 56% from 19.5 ± 19.1 nmoles/g to 

8.6 ± 10.2 nmoles/g (p=0.034). Similar to CA and CDCA, the percentages of DCA in the 

total hepatic bile acid pools remained comparable with 28.9% in control and 31.0% in 

diabetic subjects (p=0.72) (Fig. 5F). In contrast to CDCA and CA, the compositions of 

hepatic DCA pools were significantly altered (Fig. 5G). The percentages of unconjugated 

DCA in the DCA pools were significantly increased from 3.6% in control subjects to 12.9% 

in diabetic patients (p=0.02). The percentages of conjugated DCA were significantly 

Valanejad et al. Page 7

Mol Cell Endocrinol. Author manuscript; available in PMC 2019 July 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



decreased from 96.4% in healthy subjects to 87.1% in diabetic patients (p=0.02), due to a 

significant reduction of glyco-DCA from 80.7% to 67% (p=0.021). On the other hand, the 

percentages of tauro-DCA were slightly increased without reaching a statistical significance 

(p=0.38). Taken together, conjugated DCA, mainly glyco-DCA, was significantly decreased 

and the compositions of hepatic DCA pools were altered in diabetic patients.

It should also be mentioned that the levels of hepatic LCA and UDCA were very low and 

only detected in a few liver samples, excluding them being reliably analyzed in this study 

with LLOQ of 1 μg/L and LLOD of 0.2 μg/L. We also attempted to detect hepatic 

glucocorticoids (cortisol and cortisone) and their 5β-reduced metabolites. However, their 

levels were too low to be detected in the liver.

3.7. No significant alterations in the expression of CYP7A1 and BSEP in diabetic patients

CYP7A1 is the rate limiting enzyme in hepatic bile acid synthesis while biliary excretion of 

bile acids through BSEP is the rate-limiting step in the enterohepatic circulation of bile acids 

(Chiang, 2013; Trauner and Boyer, 2003). To determine whether CYP7A1 and BSEP are 

dysregulated in diabetic patients, thus contributing to reduced hepatic bile acid levels in 

diabetic patients, the expression levels of CYP7A1 and BSEP in diabetic patients and 

control subjects were quantified. As shown in Fig. 6A, CYP7A1 mRNA levels were not 

significantly altered in diabetic patients compared with control subjects. Consistently, the 

protein levels of CYP7A1 were minimally changed (Fig. 6B and 6C). The results suggested 

that CYP7A1 did not contribute to the reduced hepatic bile acids in diabetic patients. BSEP 

mRNA levels were actually decreased in diabetic patients (Fig. 6D), which presumably 

decreases biliary secretion of bile acids, resulting in hepatic accumulation of bile acids. To 

determine whether such decrease in mRNA levels is consistent with the protein levels, 

Western blots were carried out to determine the levels of membrane-associated BSEP 

protein. In contrast to the mRNA levels, BSEP protein abundances were actually slightly 

increased in the diabetic patients without reaching a statistical significance (Fig. 6E and 6F), 

indicating a post-transcriptional regulation of BSEP in diabetic patients. The data suggested 

that biliary secretion of bile acids through BSEP were not significantly altered in diabetic 

patients, excluding altered BSEP expression as a mechanism for the dysregulation of hepatic 

bile acids in diabetic patients.

3.8. Other key enzymes in the bile acid synthesis pathways were minimally altered in 
diabetic patients

In the bile acid synthesis pathways, in addition to CYP7A1, there are three other key 

enzymes upstream the reaction catalyzed by AKR1D1, including CYP8B1, CYP27A1 and 

CYP7B1 (Fig. 7A). CYP8B1 is responsible for the production of primary bile acid CA. As 

presented previously, hepatic CA levels were significantly reduced in diabetic patients (Fig. 

4A). To determine whether CYP8B1 is dysregulated in diabetic patients, the expression 

levels of CYP8B1 were determined. As shown in Fig. 7B, the CYP8B1 expression levels 

were comparable in diabetic patients to that in control subjects.

In human, approximately 5% to 10% bile acids are synthesized through the alternative bile 

acid synthesis pathway (Russell, 2003). To determine whether reduced bile acid synthesis 
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through the alternative pathway contributes to the reduced hepatic bile acids, the expression 

levels of the two key enzymes in the alternative synthesis pathway, CYP27A1 and CYP7B1, 

were investigated. As shown in Fig. 7C, the expression levels of CYP27A1 mRNA were 

minimally changed in diabetic patients. Similarly, no significant alterations in the expression 

levels of CYP7B1 mRNA were detected (Fig. 7D). The data indicated that bile acid 

synthesis through the alternative pathway was not compromised in diabetic patients.

3.9. Other hepatic bile acid uptake and efflux transporters were largely unaffected in 
diabetic patients

Hepatic bile acid transporters play critical roles in maintaining hepatic bile acid homeostasis. 

In addition to BSEP, there are other hepatic bile acid transporters involved in bile acid 

transport including NTCP and organic anion-transporting polypeptides (OATPs) and 

multidrug resistance-associated proteins (MRPs) (Fig. 8A). In the enterohepatic circulation 

of bile acids, hepatic uptake of bile acids are mediated mainly through NTCP and to a much 

less extent by OATP1B1 (Trauner and Boyer, 2003; Halilbasic et al., 2013). Under 

pathological conditions, such as cholestasis, hepatic bile acids can also be transported back 

into portal blood through basolateral efflux transporters including MRP3 and MRP4 

(Halilbasic et al., 2013) (Fig. 8A). To determine whether other hepatic bile acid uptake and 

efflux transporters are altered in diabetic patients, the expression levels of NTCP, OATP1B1, 

MRP3 and MRP4 were investigated.

For the bile acid uptake transporters, both NTCP and OATP1B1 mRNA levels were not 

significantly altered in diabetic patients (Fig. 8B and 8C), indicating that hepatic uptake of 

bile acids was not compromised in diabetic patients. Similarly, the expression levels of the 

basolateral efflux transporters MRP3 and MRP4 were comparable in diabetic patients to 

control subjects (Fig. 8D and 8E). The data thus demonstrated that hepatic bile acid uptake 

and efflux transporters were largely unaffected in diabetic patients.

Taken together, the investigation revealed minimal alterations in the expression of enzymes 

involved in bile acid synthesis including CYP7A1, CP8B1, CYP27A1 and CYP7B1, and 

hepatic bile acid transporters including BSEP, NTCP, OATP1B1, MRP3 and MRP4 in 

diabetic patients. It is thus most likely that repressed expression of AKR1D1 (Fig. 1), 

resulting in decreased bile acid synthesis, is responsible for the reduced hepatic bile acids 

(Fig. 2) in diabetic patients.

3.10. Activation of PPARα signaling repressed AKR1D1 expression in vitro in HepG2 cells

Our current understanding on transcriptional regulation of AKR1D1 is limited. We have 

previously reported that AKR1D1 is differentially regulated by bile acids through the 

mitogen-activated protein kinases/c-Jun N-terminal kinases (MAPK/JNK) signaling pathway 

(Valanejad et al., 2017). CDCA markedly down-regulates while CA upregulates AKR1D1. 

Considering that both hepatic CDCA and CA levels are reduced in diabetic patients, it is 

unlikely that repression of AKR1D1 expression in diabetic patients is mediated by bile 

acids. To uncover the potential underlying mechanisms by which AKR1D1 expression is 

repressed in diabetic patients, the effects of several nuclear receptor-mediated signaling 

pathways including FXR, LXR, PPARs and insulin on AKR1D1 expression were 
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investigated. FXR, LXR and PPAR are three master regulators in cholesterol, bile acids, 

lipids, triglycerides, glucose and energy metabolisms, and have been directly linked to 

metabolic disease and diabetes (Ding et al., 2014; Jay and Ren, 2007). Among the three 

PPAR isoforms, PPARα is predominantly expressed in tissues with a high capacity for fatty 

acid oxidation, including the liver, whereas low levels of PPARγ expression is also detected 

in the liver. In addition to fatty acid oxidation, PPARα signaling also regulates transcription 

of multiple genes involved in glucose metabolism (Jay and Ren, 2007).

As shown in Fig. 9A, activation of FXR by synthetic agonist GW4064 had minimal effects 

on AKR1D1 expression, consistent with our previous report that FXR signaling was not 

involved in bile acids-mediated regulation of AKR1D1 (Valanejad et al., 2017). Activation 

of LXR signaling by synthetic agonist GW3965 resulted in a slight increase in AKR1D1 

expression without reaching a statistic significance (Fig. 9B). However, activation of PPARα 
by PPARα-specific agonist GW7647 significantly repressed AKR1D1 mRNA expression by 

56% while PPARγ activation by PPARγ-specific agonist PGZN had minimal effects (Fig. 

9C). Treatment with insulin at a concentration of 100ng/ml resulted in no changes (Fig. 9D). 

Consistent with mRNA, AKR1D1 protein levels were significantly decreased by GW7647 

treatment (Fig. 9E and 9F). It was thus concluded that AKR1D1 was regulated by PPARα 
signaling pathway and activation of PPARα markedly decreased AKR1D1 expression in 
vitro in HepG2 cells.

3.11. Activation of α repressed Akr1d1 expression in vivo in mice

To confirm the findings from human HepG2 cells, a mouse study was conducted. Mice were 

treated with either vehicle, PPARα agonist GW7647 or FXR agonist GW4064 as control, 

followed by detection of Akr1d1 mRNA and protein. GW7647 treatment markedly 

repressed Akr1d1 mRNA expression by 46% while FXR activation resulted in a slight 

increase in Akr1d1 expression without reaching a statistical significance (Fig. 10A). 

Consistently, significant decreases in Akr1d1 protein levels were detected in mice treated 

with GW7647 (Fig. 10B and 10C). Taken together, the data from in vitro in HepG2 cells and 

in vivo in mice established that AKR1D1 was markedly repressed by PPARα activation.

3.12. AKR1D1 promoter was significantly transrepressed by PPARα activation

To determine whether reduced expression of AKR1D1 by PPARα activation is achieved at 

the transcriptional level and further understand the mechanistic insights into PPARα-

mediated repression, the AKR1D1 promoter was cloned and characterized in HepG2 cells 

with the dual luciferase assays. As expected, activation of FXRα1, FXRα2 and LXRα with 

FXR agonist GW4064 and LXR agonist GW3965 had minimal effects on AKR1D1 

promoter activities (Fig. 11A, 11B and 11C). However, activation of PPARα with PPARα-

specific agonist GW7647 significantly reduced AKR1D1 promoter transactivation while 

activation of PPARβ and PPARγ with PPARβ-specific agonist GW0742 or PPARγ-specific 

agonist PGZN had minimal effects (Fig. 11D, 11E and 11F). The data thus demonstrated 

that PPARα-mediated repression of AKR1D1 is at the transcriptional level (transrepression), 

consistent with reduced expression of AKR1D1 in vitro and in vivo by PPARα activation.
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3.13. PPARα signaling was enhanced in diabetic patients

With the identification of PPARα signaling as a negative regulator of AKR1D1 and 

AKR1D1 being markedly repressed in diabetic patients, we investigated the status of 

PPARα signaling in diabetic patients by evaluating the expression levels of PPARα and its 

positively regulated target CPT1A (Napal, et al., 2005). As shown in Fig. 12A and 12B, the 

mRNA expression levels of PPARα were significantly increased whereas minimal 

alterations in FXR expression were detected in diabetic patients compared with normal 

control subjects. In line with the mRNA levels, PPARα proteins were augmented in diabetic 

patients (Fig. 12C and 12D). Furthermore, the expression levels of CPT1A, a PPARα 
positively regulated target, were significantly elevated in diabetic patients (Fig. 12E). The 

data thus revealed that PPARα signaling was enhanced in diabetic patients, which provides a 

mechanistic explanation for the marked repression of AKR1D1 expression in diabetic 

patients.

4. Discussion

As a key enzyme for both bile acid synthesis and steroid metabolism, AKR1D1 plays critical 

roles in maintaining bile acids and steroid hormones homeostasis, both of which are 

involved in regulating body metabolism and energy expenditure. In this study, we revealed 

that AKR1D1 expression was markedly repressed at mRNA, protein and cellular levels in 

diabetic patients (Figs. 1 and 2), indicating that AKR1D1 is dysregulated under diabetic 

condition. Repression of AKR1D1 expression has significant impact on both bile acid and 

steroid hormone homeostasis. Decrease in bile acid synthesis due to repression of AKR1D1 

expression leads to reduction in bile acid levels. On the other hand, slowing down of steroid 

hormone metabolism and inactivation as a result of AKR1D1 repression leads to an increase 

in steroid hormone concentrations.

Indeed, consistent with repressed AKR1D1 expression, hepatic bile acid levels were 

markedly reduced by 53% in diabetic patients (Fig. 3). Bile acids are actively participated in 

regulating metabolisms and energy expenditure. Clinical studies have revealed that bile acid 

homeostasis is disrupted in patients with metabolic diseases or diabetes. Serum bile acids are 

altered in obese and/or diabetic patients (Bennion and Grundy, 1977; de Leon et al., 1978; 

Steiner et al., 2011; Zhang et al., 2015), and serum bile acids directly correlate with body 

mass index (BMI) in obese subjects (Vincent et al., 2013; Ma and Patti, 2014). Consistently, 

changes in bile acids are associated with diabetes in rodent models (Nervi et al., 1978; 

Uchida et al., 1979). Most previous studies measured serum bile acids. Due to large diurnal 

changes and individual variations in serum bile acids (Steiner et al., 2011), inconsistent 

results have been reported for total bile acids or bile acid pool sizes in diabetic patients 

(Bennion and Grundy, 1977; de Leon et al., 1978; Steiner et al., 2011; Zhang et al., 2015, 

Vincent et al., 2013). In this study, we directly measured hepatic bile acids. Compared with 

normal control subjects, hepatic bile acid concentrations exhibited less variations in diabetic 

patients (Fig. 3). The results represented the first description of hepatic bile acid alterations 

in diabetic patients. In line with reduced hepatic bile acids (Fig. 3), decreases in total serum 

bile acids, especially CDCA (33% reduction), were reported in diabetic patients when 

compared with non-diabetic control subjects (Brufau et al., 2010).
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Under the physiological conditions, hepatic bile acid concentrations are maintained mainly 

through FXR-mediated feedback regulation of CYP7A1, which catalyzes the rate-limiting 

reaction for bile acid synthesis, and feed-forward regulation of BSEP, which mediates the 

rate-limiting step for enterohepatic circulation of bile acids (Chiang, 2013; Trauner and 

Boyer, 2003). In studies with rodent models, Cyp7a1 expression was upregulated under 

diabetic conditions (Li et al., 2012). Currently, no studies have directly investigated the 

CYP7A1 expression in diabetic patients. In this study, we found that CYP7A1 expression at 

both mRNA and protein levels was not significantly altered in diabetic patients (Fig. 4A, 4B 

and 4C). Species difference may explain the discrepancy. Previous studies with diabetic 

rodent models showed that BSEP expression was minimally changed with diabetes (van 

Waarde et al., 2002). In this study, BSEP expression was reduced at the mRNA levels but 

comparable at protein levels in diabetic patients (Fig. 4D, 4E and 4F), indicating a post-

transcriptional regulation of BSEP under the diabetic conditions. The results demonstrated 

that CYP7A1 and BSEP expression is largely maintained in diabetic patients. Thus, reduced 

hepatic bile acids were not resulted from alterations in the expression of CYP7A1 and BSEP. 

In addition to CP7A1 and BSEP, we also investigated the expression of other enzymes 

involved in bile acid synthesis and hepatic bile acid transport in diabetic patients, including 

CYP8B1, CYP27A1, CYP7B1, NTCP, OATPB1, MRP-3 and MRP-4. None of those genes 

exhibited significant alterations in expression in diabetic patients (Fig. 5 and 6). Taken 

together, the results suggested that repressed expression of AKR1D1, which leads to 

decrease in bile acid synthesis, was most likely responsible for reduced hepatic bile acids in 

diabetic patients. The finding also indicated that in addition to CYP7A1, AKR1D1 also 

plays an important role in regulating bile acid synthesis.

Whether dysregulation of bile acids contributes to the development of diabetes or is an 

innocent bystander of the diseases is still debatable. However, accumulating evidence 

supports a view that bile acids are the active players in the development of the disease and 

increasing bile acid synthesis improves diabetic conditions. First, bile acids serve as 

hormone-like molecules to regulate lipids, glucose and energy metabolism through FXR and 

Takeda G-protein receptor 5 (TGR5), and activation of FXR and/or TGR5 improves diabetic 

conditions (Prawitt et al., 2011; Thomas et al., 2009; Mudaliar et al., 2013). Second, bile 

acid sequestrants improve insulin resistance and lower glucose levels in diabetic patients by 

blocking reabsorption of bile acids in the small intestine and increasing bile acid synthesis in 

the liver (Prawitt et al., 2014; Out et al., 2012). Third, diversion of enterohepatic bile acids 

circulation by surgery improves diabetic conditions with increased bile acid synthesis and 

circulation (Flynn et al., 2015; Ferrannini et al., 2015; Kaválková et al., 2016; Kaska et al., 

2016). Therefore, dysregulation of AKR1D1, which leads to reduced bile acid synthesis, 

may contribute to the pathogenesis of diabetes.

AKR1D1 is the only reductase in humans capable of catalyzing 5β-reduction of steroid 

hormones and metabolizes glucocorticoids (cortisol and cortisone) into their inactive 

metabolites. Therefore, AKR1D1 plays an important role in controlling the glucocorticoid 

levels. In addition to their anti-inflammatory activities, glucocorticoids are key regulators of 

carbohydrate, lipid metabolism and energy balance (Vegiopoulos and Herzig, 2007; de Guia 

et al., 2014). Indeed, high percentages of patients with diabetes have elevated glucocorticoid 

levels with characteristic features of glucocorticoid excess (Lee et al., 1999; Rose and 
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Herzig, 2013). Exogenous hypercortisolism resulting from short or long-term exposure of 

glucocorticoids is associated with increased odd ratio for development of hyperglycemia and 

new-onset diabetes (Panthakalam et al., 2004; Petersons et al., 2013). Therefore, elevation of 

glucocorticoids endogenously or exogenously is a risk factor for developing metabolic 

disease/diabetes. Repression of AKR1D1 expression, which leads to reduced metabolism 

and inactivation of glucocorticoids, may contribute to the pathogenesis of diabetes.

Currently, our understanding on transcriptional regulation of AKR1D1 under physiological 

and diabetic conditions is limited. In our previous study, we reported that AKR1D1 was 

differentially regulated by bile acids (Valanejad et al., 2017). In this study, we found that 

activation of FXR, LXR and PPARγ had minimal effects on AKR1D1 expression. Similarly, 

insulin treatment resulted in no significant changes in AKR1D1 expression. However, 

activation of PPARα markedly decreased AKR1D1 expression in vitro in HepG2 cells and 

in vivo in mice. The data thus demonstrated that AKR1D1 was transcriptionally regulated by 

PPARα and activation of PPARα signaling repressed AKR1D1 expression. To explore the 

possible mechanisms by which AKR1D1 was repressed in diabetic patients, we investigate 

the status of PPARα signaling in diabetic patients. It was found that PPARα signaling was 

enhanced in diabetic patients with significantly elevated expression of PPARα and its 

positively regulated target CPT1A. Thus, it was speculated that enhanced PPARα signaling 

activation contributed to the repression of AKR1D1 expression in diabetic patients. In line 

with our findings and speculation, PPARα signaling was upregulated in diabetic rodent 

models (Asayama et al., 1999; Memon et al., 2000). Furthermore, endogenous ligands that 

activate PPARα with the high potency, including saturated and unsaturated fatty acids, were 

often elevated in patients with metabolic disease and diabetes (Liu et al., 2010; Bergman and 

Ader, 2000).

5. Conclusion

AKR1D1 was down-regulated in diabetic patients, most likely through enhanced PPARα 
signaling. Dysregulation of AKR1D1 resulted in disturbance of bile acid and steroid 

hormone homeostasis, which may contribute to the pathogenesis of diabetes. Restoring bile 

acid and steroid hormone homeostasis by modulating AKR1D1 expression may represent a 

new approach to develop therapies for diabetes.
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Abbreviations used

AKR1D1 aldo-keto reductase family 1, member D1

BMI body mass index

BSEP bile salt export pump

CA cholic acid

CDCA chenodeoxycholic acid

CPT1A carnitine palmitoyltransferase-1A

CYP7A1 cholesterol 7α-hydroxylase or cytochrome P450 family 7 subfamily A 

member 1

CYP7B1 cytochrome P450 family 7 subfamily B member 1

CYP8B1 sterol 12α-hydroxylase or CYP family 8 subfamily B member 1

CYP27A1 cytochrome P450 family 27 subfamily A member 1

DCA deoxycholic acid

FXR farnesoid x receptor

GAPDH glyceraldehyde 3-phosphate dehydrogenase

LCA lithocholic acid

LXR liver x receptor

LC-MS/MS liquid chromatography tandem-mass spectrometry

LLOD low limit of quantification

LLOQ low limit of detection

MRP3 multidrug resistance-associated protein 3

MRP4 multidrug resistance-associated protein 4

NADPH nicotinamide adenine dinucleotide phosphate

NTCP sodium-taurocholate cotransporting polypeptide

OATP1B1 organic anion-transporting polypeptide member 1B1

PGZN pioglitazone

PPARα peroxisome proliferator-activated receptor alpha

SEM standard error of mean

TGR5 Takeda G-protein receptor 5
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UDCA ursodeoxycholic acid
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Highlights

• AKR1D1 expression was markedly repressed in diabetic patients

• Hepatic bile acids were significantly reduced in diabetic patients

• AKR1D1 was transcriptionally down-regulated by PPARα signaling

• PPARα signaling was enhanced in diabetic patients
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Fig. 1. AKR1D1 expression was markedly repressed in diabetic patients
(A) AKR1D1 catalyzes the reduction of molecules with a 3-oxo-4-ene structure in the 

presence of nicotinamide adenine dinucleotide phosphate (NADPH) as a hydride donor and 

involved in bile acid synthesis and steroid hormone metabolism, both of which have been 

implicated in metabolic diseases and diabetes. (B) Hepatic expression levels of AKR1D1 

mRNA were quantified by TaqMan real-time PCR in diabetic patients (n=22) and normal 

control subjects (n=20). The expression levels of GAPDH mRNA were used to normalize 

AKR1D1 expression. (C) representative Western blots showing the protein expression of 

AKR1D1 and GAPDH in diabetic and control subjects. (D) quantification of AKR1D1 

protein levels on Western blots normalized by the protein levels of GAPDH. The means and 

standard errors of the group values were indicated by the long and short lines, respectively. 

** p<0.01 with Student’s t-test.
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Fig. 2. Total hepatic bile acids were markedly reduced in diabetic patients
The concentrations of (A) total hepatic bile acids, (B) conjugated bile acids, (C) 

unconjugated bile acids, (D) glycine conjugated bile acids (glyco-bile acids) and (E) taurine 

conjugated bile acids (tauro-bile acids) were compared between diabetic patients and control 

subjects. Total bile acids were extracted from human liver tissues from diabetic patients 

(n=22) and control subjects (n=20), and quantified by LC-MS/MS. Means with standard 

error of mean (SEM) were indicated. * p<0.05 and ** p<0.01.
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Fig. 3. Hepatic CDCA concentrations were significantly reduced in diabetic patients
The concentrations of (A) total hepatic CDCA, (B) conjugated CDCA, (C) unconjugated 

CDCA, (D) glycine conjugated CDCA (glyco-CDCA), and (E) taurine conjugated CDCA 

(tauro-CDCA) were compared between diabetic patients and control subjects. Total bile 

acids were extracted from human liver tissues. The concentrations of CDCA, glyco-CDCA 

and tauro-CDCA were quantified by LC-MS/MS. Means with standard error of mean (SEM) 

were indicated. (F) The percentages of CDCA in the total hepatic bile acid pools and (G) the 

compositions of the CDCA pools were compared between diabetic patients and control 

subjects. * p<0.05 and ** p<0.01.

Valanejad et al. Page 21

Mol Cell Endocrinol. Author manuscript; available in PMC 2019 July 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 4. Hepatic CA homeostasis was disrupted in diabetic patients
The concentrations of (A) total hepatic CA, (B) conjugated CA, (C) unconjugated CA, (D) 

glycine conjugated CA (glyco-CA), and (E) taurine conjugated CA (tauro-CA) were 

compared between diabetic patients and control subjects. Total bile acids were extracted 

from human liver tissues, followed by quantifying the concentrations of CA, glyco-CA and 

tauro-CA by LC-MS/MS. Means with standard error of mean (SEM) were indicated. (F) The 

percentages of CA in the total hepatic bile acid pools and (G) the compositions of the CA 

pools were compared between healthy subjects and diabetic patients. * p<0.05 and ** 

p<0.01.
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Fig. 5. Alterations of hepatic DCA homeostasis in diabetic patients
The concentrations of (A) total hepatic DCA, (B) conjugated DCA, (C) unconjugated DCA, 

(D) glycine conjugated DCA (glyco-DCA), and (E) taurine conjugated DCA (tauro-DCA) 

were compared between diabetic patients and control subjects. Total bile acids were 

extracted from human liver tissues. The concentrations of DCA, glyco-DCA and tauro-DCA 

were quantified by LC-MS/MS. Means with standard error of mean (SEM) were indicated. 

(F) The percentages of DCA in the total hepatic bile acid pools and (G) the compositions of 

the DCA pools were compared between healthy subjects and diabetic patients. * p<0.05
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Fig. 6. No significant alterations in the expression of CYP7A1 and BSEP in diabetic patients
(A) the expression levels of CYP7A1 mRNA in the liver of normal control subjects (n=20) 

and diabetic patients (n=22) were quantified by TaqMan real-time PCR. (B) the 

representative Western blots exhibiting the protein expression of CYP7A1 and GAPDH in 

diabetic and control subjects. (C) quantification of CYP7A1 protein levels on Western blots. 

(D) the expression levels of BSEP mRNA in the liver of control subjects and diabetic 

patients were quantified by TaqMan real-time PCR. (E) the representative Western blots 

exhibiting the protein expression of BSEP and GAPDH in diabetic and control subjects. (F) 

quantification of BSEP protein levels on Western blots. For both real-time PCR and Western 

blotting, the expression levels of GAPDH were used to normalize the expression levels of 

CYP7A1 and BSEP mRNA and protein. The means and standard errors of the group values 

were indicated by the long and short lines, respectively. * p<0.05 with Student’s t-test.
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Fig. 7. No significant alterations of other key enzymes in the bile acid synthesis pathways in 
diabetic patients
(A) in addition to CYP7A1, other key enzymes are involved in the classical and alternative 

bile acid synthesis pathways, including CYP8B1, CYP27A1 and CYP7B1. (B) the 

expression levels of CYP8B1, (B) CYP27A1 and (C) CYP7B1 mRNA in the liver of 

diabetic (n=20) and control subjects (n=18) were determined by TaqMan real-time PCR. The 

expression levels of GAPDH mRNA were used to normalize the expression levels of 

CYP8B1, CYP27A1 and CYP7B1. The means and standard deviations of the group values 

were indicated by the long and short lines, respectively. No statistical significances were 

detected by the Student’s t-test between normal and diabetic subjects.
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Fig. 8. Other hepatic bile acid uptake and efflux transporters were largely unaffected in diabetic 
patients
(A) in addition to BSEP, other bile acid transporters including NTCP and OATP1B1 for bile 

acid uptake and MRP3 and MRP4 for bile acid efflux. (B) the expression levels of NTCP, 

(C) OATP1B1, (D) MRP3 and (E) MRP4 mRNA in the liver of diabetic (n=20) and control 

subjects (n=18) were determined by TaqMan real-time PCR. The expression levels of 

GAPDH mRNA were used to normalize the expression levels of NTCP, OATP1B1, MRP3 

and MRP4. The means and standard errors of the group values were indicated by the long 

and short lines, respectively. No statistical significances were detected by the Student’s t-test 

between normal and diabetic subjects.
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Fig. 9. Activation of PPARα signaling repressed AKR1D1 expression in vitro in HepG2 cells
(A) HepG2 cells were treated with synthetic FXR agonist GW4064 (1μM), (B) LXR agonist 

GW3965 (1μM), (C) PPARα agonist GW7647 (10μM) or PPARγ agonist pioglitazone 

(10μM) or (D) insulin (100ng/ml) for 30h, followed by detection of AKR1D1 mRNA 

expression by TaqMan real-time PCR. The expression levels of GAPDH were used to 

normalize the expression levels of AKR1D1 for the treatments with GW4064, GW3965, 

GW7647 and pioglitazone. The expression levels of β-actin were used to normalize the 

expression levels of AKR1D1 for the treatment with insulin. (E) HepG2 cells were treated 

with PPARa agonist GW7647 for 48h, followed by detection of AKR1D1 protein. A 

representative Western blot showing protein expression of AKR1D1 and GAPDH. (F) 

quantification of AKR1D1 protein levels on Western blots normalized by the levels of 

GAPDH protein. For both real-time PCR assays and Western blot, the experiments were 

independently repeated at least once with each experiments having triplicates for each 

treatment. ** p<0.01 with one-way ANOVA followed by Tukey post-hoc test. * p<0.05 with 

Student’s t-test.
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Fig. 10. Activation of PPARα signaling repressed Akr1d1 expression in vivo in mice
(A) three groups of mice (n=6/group) were treated with either PPARα agonist GW7647 

(10mg/kg), FXR agonist GW4064 (10mg/kg) or vehicle propanediol through i.p. twice a day 

for 3 days. Akr1d1 mRNA levels were quantified by real-time PCR and normalized with the 

expression levels of Gapdh. (B) Akr1d1 protein were detected by Western blot. (C) 

quantification of Akr1d1 protein levels on Western blots normalized by the levels of 

GAPDH protein. The means and standard errors of the group values were indicated by the 

long and short lines, respectively. ** p<0.01 with one-way ANOVA followed by Tukey post-

hoc test. * p<0.05 with Student’s t-test.
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Fig. 11. AKR1D1 promoter was transrepressed by PPARα activation
(A) AKR1D1 promoter reporter, phAKR1D1(-5kb), was co-transfected into HepG2 cells 

with nuclear receptor FXRα1, (B) FXRα2, (C) LXRα, (D) PPARα, (E) PPARβ or (F) 

PPARγ, followed by treatment with corresponding nuclear receptor agonists GW4064 

(1μM) for FXRα1 and FXRα2, GW3965 (1μM) for LXRα, GW7647 (10μM) for PPARα, 

GW0742 for PPARβ and pioglitazone (PGZN) for PPARγ for 30h. AKR1D1 promoter 

transactivation levels were quantified by the dual luciferase assays. The experiments were 

independently repeated at least once with each experiment having triplicates for each 

treatment. * p<0.05 with Student’s t-test.
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Fig. 12. PPARα signaling was enhanced in diabetes
(A) hepatic expression levels of FXR and (B) PPARα mRNA were quantified by TaqMan 

real-time PCR in normal control (n=18) and diabetic subjects (n=20). The expression levels 

of GAPDH mRNA were used to normalize FXR and PPARα expression. (C) a 

representative Western blot showing the protein expression of PPARα and GAPDH in 

diabetic and control subjects. (D) quantification of PPARα protein levels on Western blots 

normalized by the protein levels of GAPDH. (E) hepatic CPT1A mRNA levels were 

detected by real-time PCR in control and diabetic subjects. The expression levels of GAPDH 

mRNA were used to normalize CPT1A expression. The means and standard errors of the 

group values were indicated by the long and short lines, respectively. * p<0.05 with 

Student’s t-test.

Valanejad et al. Page 30

Mol Cell Endocrinol. Author manuscript; available in PMC 2019 July 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Valanejad et al. Page 31

Ta
b

le
 1

C
ha

ra
ct

er
is

tic
s 

of
 d

ia
be

tic
 s

ub
je

ct
s

ID
 #

G
en

de
r

A
ge

R
ac

e
C

au
se

 o
f 

D
ea

th
D

ru
g 

U
se

A
lc

oh
. U

se
N

A
Sa

 S
co

re
F

ib
ro

si
s 

St
ag

es
B

M
Ib

C
ho

le
st

er
ol

 (
m

m
ol

/l)
T

yp
e 

2 
D

M

H
04

03
Fc

51
C

e
A

no
xi

a
N

i
N

2
2

70
5.

6
Y

, t
oo

k 
in

su
lin

H
04

12
M

d
66

C
C

V
A

g
N

N
2

1
27

8.
1

Y

H
04

23
M

55
C

A
no

xi
a

N
Y

j
3

1
28

24
.3

Y
, f

or
 5

 y
ea

rs

H
04

24
F

39
C

C
V

A
N

Y
7

0
36

12
.5

Y

H
04

34
M

74
C

C
V

A
N

N
7

0
26

6.
2

Y
, f

or
 1

0 
ye

ar
s

H
04

36
F

72
C

C
V

A
N

N
2

3
35

12
.7

Y

H
04

39
F

78
C

A
no

xi
a

N
N

1
1

34
7.

8
Y

, f
or

 8
 y

ea
rs

H
04

62
M

55
C

C
V

A
N

Y
0

1
24

9.
5

Y
, f

or
 5

 y
ea

rs

H
04

65
M

50
H

f
A

no
xi

a
N

N
1

1
21

11
.9

Y

H
04

69
F

56
H

C
V

A
N

Y
3

3
22

7.
3

Y

H
04

76
F

46
C

C
V

A
N

N
5

1
46

5.
4

Y
, f

or
 6

 m
on

th
s

H
04

79
M

65
C

A
no

xi
a

N
N

2
2

22
16

.7
Y

, f
or

 1
 m

on
th

H
05

02
M

49
C

H
T

h
N

N
2

1
35

17
.6

Y
, f

or
 8

 y
ea

rs

H
05

31
F

44
C

C
V

A
N

N
2

0
43

12
.1

Y
, f

or
 5

 y
ea

rs

H
05

48
F

61
C

A
no

xi
a

N
N

1
0

39
18

.5
Y

, f
or

 4
 y

ea
rs

H
07

28
M

39
C

C
V

A
N

Y
2

1
19

7.
9

Y
, f

or
 2

0 
ye

ar
s

H
07

41
F

74
C

H
T

N
N

2
0

25
19

.4
Y

H
07

50
F

53
C

A
no

xi
a

N
N

4
1

44
6.

6
Y

H
07

66
F

38
C

A
no

xi
a

N
Y

4
0

27
10

.3
Y

, f
or

 2
0 

ye
ar

s

H
07

72
M

46
C

A
no

xi
a

N
Y

4
1

32
19

.4
Y

H
08

02
M

33
C

C
V

A
N

Y
0

1
24

6.
5

Y

H
08

04
M

57
C

C
V

A
N

N
5

1
31

17
.8

Y
, f

or
 1

3 
ye

ar
s

a N
A

S:
 N

on
-a

lc
oh

ol
ic

 f
at

ty
 li

ve
r 

di
se

as
e 

(N
A

FL
D

) 
ac

tiv
ity

 s
co

re
;

b B
M

I:
 B

od
y 

m
as

s 
in

de
x;

c F:
 F

em
al

e;

Mol Cell Endocrinol. Author manuscript; available in PMC 2019 July 15.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Valanejad et al. Page 32
d M

: M
al

e;

e C
: C

au
ca

si
an

;

f H
: H

is
pa

ni
c;

g C
V

A
: c

er
eb

ro
va

sc
ul

ar
 a

cc
id

en
t;

h H
T

: h
ea

d 
tr

au
m

a;

i N
: N

o;

j Y
: Y

es
.

Mol Cell Endocrinol. Author manuscript; available in PMC 2019 July 15.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Valanejad et al. Page 33

Ta
b

le
 2

C
ha

ra
ct

er
is

tic
s 

of
 li

ve
r 

tis
su

es
 f

ro
m

 n
on

-d
ia

be
tic

 c
on

tr
ol

 s
ub

je
ct

s

ID
 #

G
en

de
r

A
ge

R
ac

e
P

ro
cu

re
m

en
t

B
M

Ia
L

iv
er

 C
on

di
ti

on
C

au
se

 o
f 

D
ea

th

35
68

5
Fe

m
al

e
74

C
au

ca
si

an
A

ut
op

sy
33

N
or

m
al

R
es

pi
ra

to
ry

 f
ai

lu
re

35
93

5
M

al
e

65
C

au
ca

si
an

A
ut

op
sy

27
N

or
m

al
In

fa
rc

tio
n

37
69

6
Fe

m
al

e
61

C
au

ca
si

an
A

ut
op

sy
N

A
b

N
or

m
al

R
es

pi
ra

to
ry

 f
ai

lu
re

39
37

6
Fe

m
al

e
77

C
au

ca
si

an
A

ut
op

sy
24

N
or

m
al

Pu
lm

on
ar

y 
ed

em
a

40
09

3
M

al
e

59
A

fr
ic

a 
A

m
er

ic
an

A
ut

op
sy

N
A

N
or

m
al

H
ea

rt
 a

tta
ck

42
43

3
Fe

m
al

e
86

A
fr

ic
a 

A
m

er
ic

an
A

ut
op

sy
N

A
N

or
m

al
Pu

lm
on

ar
y 

di
se

as
e

42
53

4
Fe

m
al

e
71

C
au

ca
si

an
Su

rg
er

y
N

A
N

or
m

al
N

ot
 a

pp
lic

ab
le

43
94

6
M

al
e

80
C

au
ca

si
an

A
ut

op
sy

28
N

or
m

al
B

ra
dy

ca
rd

ic
/h

yp
ot

en
si

ve

44
23

0
M

al
e

76
A

fr
ic

a 
A

m
er

ic
an

A
ut

op
sy

N
A

N
or

m
al

C
ar

 a
cc

id
en

t

44
58

8
M

al
e

73
C

au
ca

si
an

A
ut

op
sy

N
A

N
or

m
al

R
es

pi
ra

to
ry

 f
ai

lu
re

44
67

9
Fe

m
al

e
73

C
au

ca
si

an
Su

rg
er

y
N

A
N

or
m

al
N

ot
 a

pp
lic

ab
le

44
68

3
M

al
e

59
C

au
ca

si
an

A
ut

op
sy

46
N

or
m

al
R

es
pi

ra
to

ry
 f

ai
lu

re

45
01

4
M

al
e

64
C

au
ca

si
an

A
ut

op
sy

N
A

N
or

m
al

M
es

ot
he

lio
m

a

46
00

1
Fe

m
al

e
55

C
au

ca
si

an
Su

rg
er

y
N

A
N

or
m

al
N

ot
 a

pp
lic

ab
le

46
78

2
M

al
e

72
C

au
ca

si
an

Su
rg

er
y

N
A

N
or

m
al

N
ot

 a
pp

lic
ab

le

46
92

5
Fe

m
al

e
22

A
fr

ic
a 

A
m

er
ic

an
A

ut
op

sy
N

A
N

or
m

al
Pr

ad
er

-w
ill

i S
yn

dr
om

e

47
57

4
Fe

m
al

e
52

C
au

ca
si

an
Su

rg
er

y
N

A
N

or
m

al
N

ot
 a

pp
lic

ab
le

51
13

9
Fe

m
al

e
60

C
au

ca
si

an
Su

rg
er

y
N

A
N

or
m

al
N

ot
 a

pp
lic

ab
le

51
21

5
M

al
e

78
C

au
ca

si
an

Su
rg

er
y

N
A

N
or

m
al

N
ot

 a
pp

lic
ab

le

Z
28

98
M

al
e

71
C

au
ca

si
an

A
ut

op
sy

18
N

or
m

al
A

dr
en

al
 in

su
ff

ic
ie

nc
y

a B
M

I:
 B

od
y 

m
as

s 
in

de
x;

b N
A

: N
ot

 a
va

ila
bl

e.

Mol Cell Endocrinol. Author manuscript; available in PMC 2019 July 15.


	Abstract
	1. Introduction
	2. Materials and Methods
	2.1. Chemicals and Supplies
	2.2. Liver samples
	2.3. Plasmid constructs
	2.4. Mice and treatments
	2.5. HepG2 cells and treatments
	2.6. TaqMan quantitative real-time PCR
	2.7. Analysis of bile acids in human liver by liquid chromatography tandem-mass spectrometry (LC-MS/MS)
	2.8. Reporter luciferase assays
	2.9. Western blotting
	2.10. Statistical analysis

	3. Results
	3.1. Characteristics of diabetic and control subjects
	3.2. AKR1D1 expression was markedly repressed in diabetic patients
	3.3. Total hepatic bile acids were markedly reduced in diabetic patients
	3.4. Hepatic CDCA concentrations were significantly reduced in diabetic patients
	3.5. Hepatic CA homeostasis was disrupted in diabetic patients
	3.6. Alterations of hepatic DCA homeostasis in diabetic patients
	3.7. No significant alterations in the expression of CYP7A1 and BSEP in diabetic patients
	3.8. Other key enzymes in the bile acid synthesis pathways were minimally altered in diabetic patients
	3.9. Other hepatic bile acid uptake and efflux transporters were largely unaffected in diabetic patients
	3.10. Activation of PPARα signaling repressed AKR1D1 expression in vitro in HepG2 cells
	3.11. Activation of α repressed Akr1d1 expression in vivo in mice
	3.12. AKR1D1 promoter was significantly transrepressed by PPARα activation
	3.13. PPARα signaling was enhanced in diabetic patients

	4. Discussion
	5. Conclusion
	References
	Fig. 1
	Fig. 2
	Fig. 3
	Fig. 4
	Fig. 5
	Fig. 6
	Fig. 7
	Fig. 8
	Fig. 9
	Fig. 10
	Fig. 11
	Fig. 12
	Table 1
	Table 2

